Triply cyclometalated trinuclear iridium(III) and trinuclear palladium(II) complexes with a tri-mesoionic carbene ligand A tri-mesoionic carbene platform is presented together with its trinuclear iridium and palladium complexes. The complexes are active catalysts for transfer hydrogenation reactions of aldehydes and ketones, and for alpha-arylation reactions of amides. Cooperative eff ects have been observed for both kinds of catalysis. The ligand platform thus opens up new avenues for investigating cooperative catalysis.
(normal NHCs), their mesoionic counterparts, 1,2,3-triazol-5-ylidenes, 4 are currently gaining immense popularity. Mesoionic carbenes (MIC) have been postulated as even better sigma donors compared to their classical counterparts. 4a A number of complexes bearing 1,2,3-triazol-5-ylidenes have emerged in the literature with the complexes being often tested for their potency in various homogeneous catalytic processes. 5 Recently,
we have reported on such types of complexes as catalysts for various organic transformations such as Suzuki-Miyaura crosscoupling reactions, 6 ''click'' reactions, 7 and reduction of aromatic nitro compounds 8 and for oxidation reactions. 9 Most of the reported complexes possessing 1,2,3-triazol-5-ylidene ligands are of mononuclear type. 4, 5, 10 Only a few dinuclear complexes possessing a MIC donor at each metal center have been reported in the literature recently. 11 Even though polynuclear metal complexes have become popular in recent years owing to their augmented catalytic activity 12 compared to their mononuclear counterparts, examples of such complexes with higher nuclearity containing MIC donors remain rare. 13 Recently, we showed that a di-substituted phenylene bridged bistriazolium salt after deprotonation reacts to yield a dinuclear
Ir
III complex with additional cyclometalation of the central phenyl ring (Fig. 1) . 13a For Pd II that prefers a square planar coordination geometry, reaction with either di-or 1,3,5-tri-substituted benzene derived triazolium salts in the presence of K 2 CO 3 and pyridine yielded PEPPSI type complexes (Fig. 1 ). 13b However, the intended synthesis of a triply cyclometalated Ir III complex with a 1,3,5-trisubstituted benzene derived tris-triazolium salt was unsuccessful. 13c We believed that steric effects might render the formation of cyclometalated complexes with this ligand system difficult. Hence, we decided to introduce additional phenyl rings on the ligand backbone to reduce steric crowding and synthesized the tris-triazolium salt 2 (Scheme 1 .49-7.52, 7.27-7.43 ppm. The cyclometalation of the aryl ring was confirmed by 2D correlation NMR spectroscopy which shows a resonance (broad) at d = 159.6 ppm, attributed to the cyclometalated aryl carbon atom. The resonance for the characteristic carbene carbon atoms was observed at d = 153.1 ppm also as a broad signal. These resonances fall in the range reported for cyclometalated complexes bearing MIC donor ligands.
13, 14 The resonance for the carbene carbon atom in complex
[3] is more upfield shifted compared to their corresponding resonances in complexes possessing cyclometalated classical NHC ligands. 15 The ESI mass (positive ions) spectrum of complex [3] shows the peaks at m/z = 1884. H NMR spectroscopy, which shows only one set of signals along with the disappearance of the triazolium C-H proton resonance (d = 9.31 ppm) for the precursor triazolium salt 2. The resonances for the C-H protons of pyridine rings appeared as multiplets at d = 8.99, 7.75-7.78 and 7.33-7.36 ppm. Upon complexation the resonance for a-hydrogen atoms of the pyridine ring (d = 8.99 ppm) appeared to be more downfield shifted compared to their corresponding resonance in free pyridine (d = 8.62 Single crystals suitable for an X-ray diffraction analysis were obtained for complex [4] (Fig. 2) bond angle measures 177.4(3)1. This value, like the Pd1-C1 (1.954(6) Å) and Pd1-N4 (2.096(6) Å) bond lengths, falls in the range previously described for palladium MIC complexes.
13b, 16 The MIC donor planes are almost coplanar to the central aryl ring plane; however, they are rotated from the nearest aryl ring plane to coordinate with palladium centers. The torsion angle of the MIC donor plane to the nearest aryl ring plane measures 35.261. The two central phenyl rings of the tri-mesoionic carbene ligands of neighboring molecules are oriented in a coplanar fashion with a centroid to centroid separation of 3.498 Å indicating pÁ Á Áp interactions between these rings.
Catalytic transfer hydrogenation is a widely used method for reducing multiple bonds. Conversion of aldehydes and ketones to the corresponding alcohols represents the most prominent examples. Iridium and ruthenium complexes bearing NHC ligands have been widely used as catalysts for transfer hydrogenation. 17 However, similar catalytic conversions using complexes bearing MIC ligands have been rare. 8,13a,18 In this context, catalytic transfer hydrogenation studies have been carried out with triply cyclometalated Ir III complex [3] . The catalytic conversions for the trinuclear complex have also been compared with a related cyclometalated mononuclear complex C (Fig. 3) . Isopropanol was used as a hydrogen source for transfer hydrogenation reactions. KOH (20 mol%) was used as a base and the reactions were performed at 100 1C. The reaction was carried out with 0.5 mol% of the mononuclear complex or 0.167 mol% (the same amount of iridium for both complexes) of the trinuclear complex. Both the complexes show a full conversion of benzaldehyde and 4-bromo-benzaldehyde to the corresponding benzylalcohol after 3 h. A decrease in reaction time to 1 h shows higher conversion (80 or 50%) for the trinuclear complex compared with the mononuclear Ir III complex (40 or 35%). The trinuclear complex is also a more active precatalyst for more challenging substrates like acetophenone, benzophenone and substituted benzophenone ( Table 1) . The palladium-catalyzed C-C bond formation process between an aryl ring and the a-position of a carbonyl compound has been widely used as a mild catalytic method. 19 However, a-arylation of amides (particularly the intermolecular version) is comparatively less common and rarely used with palladium(II) NHC complexes. 20 This is an important catalytic reaction for synthesizing valuable chemicals. Trinuclear palladium(II) complex [4] has been tested as a catalyst for both a-arylation and Suzuki-Miyaura cross-coupling reactions. The catalytic efficiency of trinuclear complex [4] has also been compared to the efficiency of a similar mononuclear counterpart D (Fig. 3) . The a-arylation reactions were typically carried out in toluene in the presence of NaOtBu (2.5 equiv.) as a base at 120 1C for 16 h. Upon performing the reactions with 5.0 mol% of mononuclear complex D or 1.67 mol% (the same amount of palladium for both types of complexes) of trinuclear complex [4], almost 1.5 times more conversion of 5 to 6 (Ar = Ph) was achieved for the trinuclear complex (Table 2, 71%; isolated yield, see the ESI ‡) when compared with the mononuclear complex (45%; isolated yield, see the ESI ‡). The active palladium catalyst was unaffected by the addition of excess Hg(0) to the reaction mixture and leads to a similar yield for the a-arylation product even after addition of Hg(0). This is a strong indication of the homogeneous nature of our catalysts for the a-arylation reaction. We also tested the efficiency of [4] and D as catalysts for the Suzuki-Miyaura crosscoupling reaction. For this reaction, no further conversion to the coupling product was observed any more after Hg(0) addition. Addition of mercury after 1 h (13% conversion) inhibited further catalytic coupling and no biaryl aldehyde product (phenylboronic acid and 4-bromobenzaldehyde as substrates) was formed during the subsequent 5 h time period. This observation suggests the possibility that Pd(0) nanoparticles (NP) are the active catalyst in the Suzuki-Miyaura cross-coupling reactions under the mentioned reaction conditions, as has been previously observed for related systems. 10 As expected, for the Suzuki-Miyaura coupling reaction where Pd-NPs are the active species, both D and [4] reported similar conversions (Table 3) .
In summary, we have presented here the synthesis of a novel tris-triazolium salt 2 based on an extended phenylene platform. 
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